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Introduction
The production of lower olefins by pyrolysis of hydrocarbons can be enhanced in several ways. Certain additives can decrease the required temperature of pyrolysis, enhance the rate of radical conversion, increase the flexibility of the pyrolysis process, and improve the selectivity. Presently an intensive search is going on for such compounds, both of homogeneous and heterogeneous nature. Substances which favorably influence the pyrolysis process (initiators, catalysts, activators, promotors) and compounds which suppress the formation of undesirable pyrolysis products (inhibitors, retarders, deactivators, passivators) have been investigated. Application of these chemicals in production processes is, however, often limited by their effectiveness, availability, or price. Compounds which can influence the radical process of thermal decomposition include inorganic and organic derivatives of nitrogen, oxygen, sulfur, and phosphorus.
Sulfur compounds can influence the course not only of primary but also of secondary reactions, which causes considerable difficulties. Well-documented are the effects of hydrogen sulfide on the kinetics and selectivity of the conversion of hydrocarbons (Rebick, 1981; Scacchi et al., 1970; McLean and McKenney, 1970; Large et al., 1972; Scacchi et al., 1968; Frech et al., 1976; Gousty and Martin, 1974; Hutchings et al., 1976) and on the influence of secondary reactions, proceeding on the inner surface of the pyrolysis reactor when coke is formed (Crynes and Albright, 1969; Dunkleman and Albright, 1976; Ghaly and Crynes, 1976; Albright and McConnel, 1979) . Under specific pyrolysis conditions elemental sulfur, sulfur dioxide (Lang, 1967) , dimethyl disulfide and methyl mercaptan (Bradshaw and Turner, 1966 ) have a dehydrogenation effect. Elemental sulfur (Bajus and Veself, 1980) and thiophene (Bajus et al., 1981) significantly inhibit coke formation during pyrolysis and at the same time accelerate the conversion of hydrocarbons. The search for other sulfur compounds, which could favorably influence the pyrolysis of hydrocarbons to olefins, goes on. Aromatic sulfides and disulfides, which decompose to highly stabilized radicals, come into consideration. Such compounds are dibenzyl sulfide and dibenzyl disulfide. Their influence on the kinetics of conversion and coke formation in the pyrolysis of hydrocarbons was studied in this work.
Materials and Methods
All experiments were performed in two flow systems with stainless steel tubular reactors with enlarged inner surface.
The influence of dibenzyl sulfide and dibenzyl disulfide (Lachema, Brno, Czechoslovakia) on the kinetics and selectivity of the conversion of heptane was studied in equipment described in detail in a previous paper (Bajus et al., 1979) . The reactor is of the "tube-in-tube" type with a surface-to-volume (S/ V) ratio of 6.65 cm-'. The stainless steel reactor was of the following composition (% mass): Cr, 16.8; Ni, 10.7; Mn, 1.1; C, 0.08. The starting hydrocarbon, heptane (Loba-Chemie, Vienna, Austria; 99.7%) was introduced at 0.15-0.35 mol h-l. The work was carried out at 700 "C in the presence of steam. Under the effective contribution of the inner surface, steam reacts with some reaction components, especially with high molecular weight compounds, which are the potential precursors of coke, to carbon monoxide and hydrogen. Steam also ensured the reproducibility of the measurements and enabled the equipment to be used continuously without the necessity of burning carbonaceous deposits. The mass ratio of water to heptane was in all experiments 3:l. The amount of water varied between 2.57 and 5.85 mol h-l.
The formation of coke was studied in the flow equipment described previously (Bajus and Vesely, 1980) . The tubular reactor is of the U type, with S j V = 6.66 cm-' . The construction material is stainless steel (% mass): Cr, 17.5; Ni, 9.4; Mn, 0.7; C, 0.18 . The influence of dibenzyl sulfide and dibenzyl disulfide on the formation of coke was studied in the pyrolysis of a reformer raffinate, abtained from the catalytic reforming of naphtha after extraction of aromatics. This raffinate (distillation range 27-156 "C) had the following composition (% mass): unbranched alkanes, 18.8% branched alkanes, 60.4; cycloalkanes, 10.3; aromatics, 6.0; remaining products, 4.5. Its flow was 0.30 mol h-' in all experiments. The pyrolysis was carried out without steam at 820 "C and 100 kPa. The amount of coke formed was determined by weighing the reactor before and after the experiment. In order to achieve reproducible results, the preparation of the reactor before each experiment is of prime importance. Burning out the coke from the preceding experiment with air and decomposition of metal oxides by the action of a solution of acids (3% HCl + 3% H,SO,) preceded each run. In this way a reproducibility was obtained, corresponding with standard deviations from 5 to 12%.
The equivalent volume VR of the reactors was determined from the temperature profile of the nonisothermic reactor according to Hougen and Watson (1947) . The residence times were determined as described previously (Bajus et al., 1979) .
The composition of the gaseous and liquid product mixtures was determined by packed column gas chromatography as described previously (Bajus et al., 1979; Bajus and Veselg, 1980) . The liquid products were further examined by highresolution gas chromatography. A 30 m X 0.25 mm i.d. glass capillary column, coated with SE-30 stationary phase, was operated with helium carrier gas. Samples were injected via a splitter. Separations were carried out under temperature programming. For the detection of sulfur compounds, the capillary column was mounted in a gas chromatograph (Type F17, Perkin-Elmer, Beaconsfield, Buckinghamshire, England) equipped with parallel flame ionization (FID) and flame photometric detectors (FPD). For identification purposes, the column end was directly inserted into the ion source of a quadrupole mass spec- 1981) . Quantitative analyses were performed using the same column in a gas chromatograph (Type 3900, Dani, Rome, Italy) equipped with an FID and using a chromatography data system (Type 4000, Spectra Physics, Santa Clara, CA).
Results
Kinetics of Thermal Decomposition. The decomposition of heptane was investigated at 700 "C at residence times of 0.02-0.12 s in the presence of 0.1, 0.5, and 1% mass of dibenzyl sulfide and 1 % mass of dibenzyl disulfide. The dependence of the conversion of heptane on the residence time for three different concentrations of dibenzyl sulfide and 170 of dibenzyl disulfide is illustrated in Figure   1 . The results were obtained in two temperature profiles (Bajus and Vesely, 1980) . Temperature profile I is the broader one and approximates the reactor dimensions; the equivalent volume of the reactor VR is in the range of 5 to 7 cm3. Temperature profile I1 is narrower and the corresponding calculated equivalent volume of the reactor is in the range of 4 to 5 cm3. The average values of the equivalent volumes are given in Table I for the selected residence times in Tables I1 and 111. To determine the reaction order of the decomposition of heptane, the method applied by Kershenbaum and Martin (1967) was used. As for the conversion of heptane itself (Bajus and Veselp, 1797) , the values of the reaction order in the presence of dibenzyl sulfide and dibenzyl disulfide are about 1. Figure 2 illustrates the determination of the reaction order for the decomposition of heptane in the presence of 1% (mass) of dibenzyl sulfide at constant temperature and pressure profile, applying the relation log (-AF) = n log X + log (constant) The order thus determined has the value 1.07. The right-hand term of the rate equation (k.7) as a function of residence time for the corresponding amounts of dibenzyl sulfide and dibenzyl disulfide is plotted in Figure  3 . The values of the rate constants determined graphically and calculated numerically are given in Table I. This table   also contains the rate constants of conversion of heptane without sulfur compounds, determined under the same experimental conditions (Bajus et al., 1979; Bajus and Vesely, 1980) . For the numerically calculated values of the rate constants the maximum standard deviation is 9.6% (m = 5). The degree of conversion has no significant influence on the rate constants. It can be concluded that dibenzyl sulfide and dibenzyl disulfide accelerate the thermal decomposition of heptane; in the case of dibenzyl sulfide by 16-26%, with dibenzyl disulfide by 8%. Under comparable conditions, the rate of decomposition of heptane in the presence of 0.1-0.5% mass of thiophene increased by 14% (Bajus et al., 1981) , and in the presence of 0.02% mass of elemental sulfur by as much as 28% (Bajus and Veselg, 1980) . Selectivity of Thermal Decomposition. In the decomposition of heptane in the presence of dibenzyl sulfide and dibenzyl disulfide, 10-35% of the products formed are gaseous, dependent on the degree of conversion ( Figure  4 ). Collected at -18 "C, the gaseous products included primarily hydrogen, carbon monoxide, decomposition products up to and including C4 hydrocarbons, and minor quantities of 1-pentene, 1-hexene, 1-heptene, and heptane. The differences in gas yields for the various concentrations of sulfur additives are negligible in both temperature profiles. The yields were determined with a standard deviation of less than 4.2% ( m = 7-10). The average molecular mass of the gaseous products is in the range of
The qualitative and quantitative composition of the bulk of gaseous and liquid products is given in Tables I1 and  111 . The presence of dibenzyl sulfide and dibenzyl disulfide has no influence on the qualitative composition. Among the reaction products ethene has a dominant position. Main products are, furthermore, methane, propene, 1butene, 1-pentene, 1-hexene, hydrogen, and carbon monoxide. The influence of the residence time on the selec-24.5-28.1. a The product distribution obtained in the absence of sulfur compounds is taken from Bajus et al. (1979) . tivity of the conversion of heptane in the presence of dibenzyl sulfide is illustrated in Figures 5-7 , under conditions of temperature profile 11. Figures 8 and 9 show the influence of dibenzyl sulfide and dibenzyl disulfide, respectively, under conditions of temperature profile I. With increasing residence time, the formation of ethene, propene, and methane tends to increase, while the formation of 1-butene, 1-pentene, and 1-hexene decreases. With hydrogen and carbon monoxide, the influence of the res- in Figure 11 . The highest rate of coking was observed during the pyrolysis of reformer raffinate without sulfur compounds. With increasing concentrations of dibenzyl sulfide and dibenzyl disulfide, the rate of coking is lowered in the entire time interval under observation. From the course of the kinetic relations it is evident that at the outset coking proceeds at a higher rate. After a certain time a steady state is reached. This points to the decisive influence of the inner surface of the reactor on the course of secondary reactibns which lead tb the formation of coke.
The clean stainless steel surface at the beginning of the pyrolysis of the reformer raffinate significantly promotes the formation of coke. After a certain time, when its catalytic effect is eliminated by carbonaceous deposits, a steady state is reached. The results show that the catalytic effect of the surface of the metal reactor on the formation of coke can be greatly reduced by addition of dibenzyl sulfide and dibenzyl disulfide. This is manifested by the manifold decrease in coke formation, in the presence of these compounds. actor), were analyzed by combined capillary gas chromatography-mass spectrometry (GC/MS). The mass spectra, in conjunction with retention'data, led to the identification or characterization of more than 100 hydrocarbons. The results, obtained from reformer raffinate without additive, and admixed with 1 % of dibenzyl sulfide, 1 % of dibenzyl disulfide, 1% of thiophene (Bajus et al., 1981) , and 0.1% of elementary sulfur (Bajus and Vesely, 1980) , respectively, are condensed in Table V . These data are average values of duplicate experiments. The standard deviation corresponds with a precision of about 5%. Typical gas chromatograms are shown in Figure 12 . From these results it is evident that the presence of sulfur-containing compounds in the feed causes increased conversion of alkanes and increased formation of aromatic com- Table V. pounds. Since the liquid fraction constitutes only 2.5-26.8% mass of the total pyrolysis products, the (polynuclear) aromatics represent only trace quantities.
Analysis of the Liquid Pyrolysis
Several sulfur compounds were detected with the FPD but could not be identified by GC/MS because of their low concentration and insufficient separation (Agrawal et al., 1972) .
Therefore, the pyrolysis of the reformer raffinate was repeated, under otherwise identical reaction conditions, with increased amounts of additives: 15% of thiophene; 17% of hydrogen sulfide, and saturated solutions of elemental sulfur ( I 1 % ), dibenzyl sulfide, dibenzyl disulfide, and diethyl dithiophosphoric acid (up to 5% mass). The FPD chromatograms were qualitatively similar. GC/MS now permitted identification of thiophene, 2-and 3methylthiophene, 2-and 3-ethylthiophene, 2-and 3vinylthiophene, and benzothiophene as the main sulfurcontaining products in all instances. The gaseous samples contained primarily hydrogen sulfide and thiophene.
Discussion
The thermal decomposition of hydrocarbons proceeds via a series of primary and secondary reactions. A decisive role is played by the initiation, propagation, and termination of radicals. From the comparison of the kinetics and the selectivity of decomposition of heptane, and from the rate of coking of reformer raffinate, it can be seen that dibenzyl sulfide and dibenzyl disulfide influence the conversion of radicals in the homogeneous phase and on the surface of the reactor. Concerning aromatic sulfides and disulfides, it is known that their decomposition takes place preferentially by the cleavage of -C-S-bonds as a consequence of a relatively low dissociation energy: C6H5 CH2-SC2H5, 221.5 kJ mol-' (Mackle, 1963); C6H5CH2-S-CH3, 213.2 kJ mol-' (Magaril, 1970) , 248.3 kJ mol-' (Colussi and Benson, 1977) ; C6H5CHz-SH, 221.5 kJ mol-' (Magaril, 1970) ; C6H5S-CH3, 250.8 kJ mol-' (Back and Sehon, 1960); 282.1 kJ mol-' (Colussi and Benson, 1977) .
Upon decomposition, phenylthio and benzyl radicals are formed with stabilization energies of 40.1 and 57.2 kJ mol-', respectively (Colussi and Benson, 1977) . benzyl radicals can be formed during decomposition of dibenzyl sulfide according to reaction A, and, for dibenzyl disulfide, reaction B. The product distribution obtained in the presence of sulfur is taken from Bajus and Vesely' (1980). sulfides (Kooymans, 1967; Magaril, 1970) and 372 kJ mol-' for methyl mercaptan (Kooymans, 1967) . Nevertheless, cleavage of the -S-Sbond in dibenzyl disulfide, with formation of two benzylthiyl radicals according to reaction C, is likely to occur. A benzylthiyl radical can also be formed by reaction A, and a benzyldithiyl radical according to reaction B. The further fate of the primary products of unimolecular decomposition of aromatic sulfides and disulfides depends on the reaction conditions. Under very low pressure pyrolysis (VLPP), the splitting of aromatic sulfides is highly selective (Colussi and Benson, 1977) . On the other hand, under conditions of pyrolytic chromatography, the decomposition of dibenzyl disulfide at temperatures of 180-300 "C yields hydrogen sulfide, ethyl mercaptan, dimethyl sulfide, methyl phenyl sulfide, ethyl phenyl sulfide, methyl phenyl mercaptan, and ethyl phenyl mercaptan (Kundryavstseva et al., 1977) . At 600 "C, sulfur compounds other than hydrogen sulfide are not formed. Among the reaction products only benzene and toluene are present. In the pyrolysis of reformer raffinate at 820 OC, dibenzyl sulfide and dibenzyl disulfide also decompose mainly to hydrogen sulfide, but thiophene, methyl-, ethyl-, vinyl-and benzothiophenes are formed as well. In the presence of radicals, generated by thermal decomposition of hydrocarbons (R,.), reactions can occur with aromatic sulfides or disulfides, under formation of a range of thiyl radicals. For example, according to reaction D C6HsCH2-S-S-CH2C6H5 + R1. -
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A characteristic property of benzyl, benzylthiyl, and alkylthiyl radicals is that they may enter reactions where they can cause abstraction of hydrogen. Under pyrolysis conditions, thiyl radicals can also split off hydrogen from a heptane molecule, reaction E, thereby initiating the propagation of reactants in the homogeneous phase.
(E)
This is apparent from the increase of the rate of decomposition of heptane in the presence of dibenzyl sulfide and dibenzyl disulfide. Variation of the dibenzyl sulfide concentration does not affect the overall cracking rate of heptane significantly, however.
The decrease in selectivity of the heptane decomposition into ethene, ethane, and methane, with increasing dibenzyl sulfide concentrations, could be concluded from the data in Table 11 . This effect is more apparent if the influence of the dibenzyl sulfide content is compared at more-or-less constant conversion factors (Table VI) . The analogous influence of increasing elemental sulfur concentrations (Bajus and Veselq, 1980) is included in Table VI for comparison.
Table VI also shows that increasing amounts of the respective sulfur-containing additives cause higher yields of a-olefins c4-c6 and butadiene. It should be noted, however, that the presence of these sulfur-containing additives increases the cracking rate of heptane, irrespective of their concentrations (up to 1% mass).
From the mechanistic point of view, increasing concentrations of thiyl radicals have no influence on the course of the hydrogen transfer reaction E, but they do influence the course of decomposition reactions F and G. In the presence of a greater number of thiyl radicals in the decomposition of hexyl, pentyl, butyl, and butenyl radicals, the cleavage of C-H bonds according to reaction F is favored over the cleavage of C-C bonds according to reaction G.
(GI The energy needed for splitting off a hydrogen atom from the hydrocarbon radical in reaction F is about 167 kJ mol-', while the dissociation energy of the C-H bond in heptane cleaving according to reaction E is in the range of 372-422 kJ mol-'. The decrease in the decomposition of radicals according to reaction G, in comparison with the decomposition reaction F, is manifested also in the decrease of the total amount of moles of hydrocarbon product per mole of decomposed heptane. The increase of the dibenzyl sulfide content causes a decrease in the number of consecutive radical decomposition steps per mole of decomposed reactant. With elemental sulfur it can be assumed that reactions E, F, and G involve molecular sulfur S2, atomic sulfur S1, and .SH radicals, respectively.
The decrease of selectivity to methane, ethane, and ethene was also observed by Rebick (1981) in the pyrolysis R,. = 1-hexyl-, 1-pentyl-, 1-butyl radical heptane is caused by benzyl and benzylthio radicals, which are formed by thermal decomposition of dibenzyl sulfide and dibenzyl disulfide. Alternatively, SH radicals and S atoms can be formed, reacting with the inner surface of the reactor to metal sulfides. By the formation of a protective layer of metal sulfides, the inner surface is passivated, and the formation of coke is inhibited in the pyrolysis of reformer raffinate. The presence of sulfur-containing additives in the feed causes evident decreases in coking. Consequently, compounds, known or suspected to be precursors in the coke formation processes (condensed aromatics as naphthalene and its homologues), are found in increased concentrations among the pyrolysis products of sulfur-containing raffinate. Nomenclature S = inner surface of the reactor, cm2 V = reactor volume, cm3 X = average mole fraction of heptane m = number of measurements n = order of the reaction k = first-order rate constant, s-l x = conversion of heptane V , = equivalent reactor volume, cm3 rc = coking rate, mg cm-2 h-l M.B. = material balance of the hydrocarbon part T.P. = temperature profile
Greek Letters v = moles of product formed per mole of heptane decomposed E = relative volume change in the reactor T = residence time, s Registry No. Heptane, 142-82-5; ethene, 74-85-1; dibenzyl sulfide, 538-74-9; dibenzyl disulfide, 150-60-7. Literature Cited of hexadecane in the presence of hydrogen sulfide. Unlike our results, it was found that with increasing concentrations of HzS, butane and higher alkanes are formed, and the overall rate of decomposition increases. The probable cause is the different influence of dibenzyl sulfide and elemental sulfur on one hand, and hydrogen sulfide on the other, on the course of hydrogen transfer reactions which predominate in the radical mechanisms, both from the point of view of reaction rate and selectivity. It can be assumed that, with increasing concentrations of sulfur additives in the feed, an increase occurs in the formation of benzyl and thiyl radicals in the reaction zone, giving rise to conditions for further characteristic reactions with compounds having ?r bonds (reaction H) R2. + ?r system e Rzadduct radical (H) Because, among the olefinic reaction products, ethene is found to be the main product, it is very probable that the diminished yield is caused by a greater participation of dibenzyl sulfide in reaction H. This would result in the formation of an adduct radical from ethene and from benzyl and benzylthiyl radicals. These adduct radicals can either decompose by the reverse reaction to the original components or, in consecutive reactions, react with organosulfur compounds, which is proven by the presence of thiophene, methyl-, ethyl-, vinyl-and benzenethiophenes.
Thermal decomposition of sulfur compounds is, as a rule, always accompanied with the formation of hydrogen sulfide. This has also been verified in the pyrolysis of aromatic sulfides (Colussi and Benson, 1977) and disulfides (Kundryavstseva et al., 1977) . On this basis it is legitimate to assume that, in the.reaction zone, an increased concentration of radicals SH exists, either as intermediate reaction products in the formation of hydrogen sulfide, or as being formed in the decomposition reaction of hydrogen sulfide. On the other hand, the formation of S atoms cannot be excluded (Foss, 1950; Price and Oae, 1962) . SH radicals or S atoms can react not only with heptane according to reaction E, but can also enter a reaction with the metal surface of the reactor under formation of metal sulfides according to reaction I SH + metalmetal sulfides + H-The presence of metal sulfides was proven by the analysis of the carbonaceous deposits from the reactor. Metal sulfides, which are formed according to reaction I, inhibit the course of secondary reactions on the inner surface of the reador. The thin layer of metal sulfides thus decreases the catalytic effect of the metal surface in the formation of coke during the pyrolysis of reformer raffinate. As a consequence of the inhibition by sulfur additives, (condensed) aromatic compounds are expected to be present in higher concentrations in the product mixture. This has been confirmed experimentally.
Conclusions
This study demonstrates that dibenzyl sulfide and dibenzyl disulfide, introduced into the reaction system together with the starting hydrocarbon, influence the rate of decomposition, the selectivity, and the formation of coke in the pyrolysis of hydrocarbons. Compared to the decomposition of pure heptane, the rate of decomposition in the presence of dibenzyl disulfide increases by 8%, and in the presence of dibenzyl sulfide by as much as 26%. Increasing concentrations of dibenzyl sulfide in the feed decrease the selectivity of the thermal decomposition of heptane to ethene. In this paper, it was assumed that the influence on the rate and selectivity of the conversion of
